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SUMMARY

Turbulence modeling for high-speed compressible flows is described and discussed. Starting with the
compressible Navier-Stokes equations, methods of statistical averaging are described by means of which
the Reynolds-averaged Navier-Stokes equations are developed. Unknown averages in these equations
are approximated using various closure concepts. Zero-, one-, and two-equation eddy viscosity models,
algebraic stress models, and Reynolds stress transport models are discussed. Computations of supersonic
and hypersonic flows obtained using several of the models are discussed and compared with experimental
results. Specific examples include attached boundary-layer flows, shock-wave boundary-layer interactions,
and compressible shear layers. From these examples, conclusions regarding the status of modeling and
recommendations for future studies are discussed.

INTRODUCTION

In this report we will discuss turbulence models that are used in numerical simulations of complex
viscous flows. Although there are many applications and uses of turbulence models, we will restrict our
attention primarily to high-speed compressible flows. The material covered constitutes a brief survey of the
essential features of turbulence models and their status in applications, but does not include many details
important in practice. For these, the reader is encouraged to consult the references.

Turbulence models are necessary in numerical simulations because of the impracticality of computing
all scales of turbulent motion. Since these scales compose a range many orders in magnitude, the computer
storage required to resolve all scales is much larger than the storage capacity currently available on the most
powerful computers. Even if computers did exist with the required capacity, the computational speed of
current computers is too slow to handle all but the simplest of problems. Thus approximate methods, or
models of turbulence, are introduced to simplify and make the computations practical.

There are several approaches to turbulence modeling depending on how many of the turbulent scales
are included in the modeling process. A more rigorous approach is to use subgrid-scale modeling (also
known as large-eddy simulation) in which only turbulent eddies equal to or smaller than the numerical grid
sizes are modeled. In this case the largest eddies are computed, and because they move and deform in time,
the calculations are necessarily unsteady. This results in relatively large computing times and restricts the
applicability of subgrid modeling to fundamental studies.

A more practical approach is to model all the scales of turbulent motion. The equations solved in
this case are the Reynolds-averaged Navier-Stokes equations and the numerical solutions, which represent
long time averages of the flow variables, are usually steady in time. This is the approach described here.

The report is organized into several main sections. It begins with a discussion of averaging proce-
dures and the development of the Reynolds-averaged Navier-Stokes and related equations. After a brief
discussion of the various types of turbulence models available, attention is directed to describing a rep-
resentative sample of eddy viscosity models including explicit modifications to account for high speeds



and compressibility. This is followed by a section on results in which representative computations are
discussed and compared with experimental measurements. The paper concludes with a section on the cur-
rent status of turbulence modeling for hypersonic flows with recommendations for future experiments and
computation.

REYNOLDS-AVERAGED NAVIER-STOKES EQUATIONS

The basic differential equations used in numerical simulations are the Reynolds-averaged Navier-
Stokes equations. These equations are derived from the compressible Navier-Stokes equations by an aver-
aging process that will be described shortly. The time-dependent, compressible Navier-Stokes equations
are written as follows:

pr+ (puj); =0
(pu.-),+(pu,-u,~+a.-,-)‘,-=0 1=1,2,3 e8]
(pE) + (pEuj + uioij + ¢;),; =0

where subscript notation has been used for partial derivatives, i.e., ( ); = 8/8t, ( ); = 8/0x;, and the
summation convention is used for repeated indices. The molecular stress tensor and heat flux vector are
expressed as
2
0y =6ijp — p(uij + ujs — T6;ukk)
3 @)

i
g =—KTj=—p-h;

In these equations, p is density, u; are Cartesian velocity components, FE is total specific energy, T'
is temperature, h is enthalpy, e is internal energy, Pr is the Prandtl number, and the Stokes hypothesis is
imposed. Assuming a perfect gas with constant specific heats, these variables are related as follows:

p=(y—1)pe e=C,T h=C,T

3
'7=Cp/cu E = e+ uu;/2 Pr=Cpu/k )

In most applications, the Sutherland relation is used for molecular viscosity, i.e., u = AT"/(B+T),
where n, A, and B are constants that depend on the gas.

To derive the Reynolds-averaged Navier-Stokes equations an averaging operation is defined as

follows:
t+T

- 1 .
p(zj,t) = 3T )r p(z;,s)ds 4

where 2T is the averaging interval, which is assumed to be large compared with the energy containing
turbulent time scales, but small compared with the time scale of the mean or average motion. The mean
density, p, in this sense is a slowly varying function of time. Although 5 depends on the averaging interval,
it is tacitly assumed that a range of values for T exists for which 7 is practically independent of T" and it is
this range that is applicable in the averaging operation.



An alternate form of averaging which may be used in place of time-averaging is ensemble-averaging in
which the averaging is performed over a large number of records or experiments. In this case the difficulty
of selecting a time-averaging interval is not present and therefore this form of averaging is superior in many
respects to time-averaging. Because results obtained using the two averaging forms are identical, we will
continue to use the term time-averaging even though the preferred form is ensemble-averaging.

The fluctuating density, o/, is defined as the difference between the density and its average value, i.e.,
p=p—p (5)
Averages and fluctuating quantities for other variables such as p and u, are defined similarly. Although

not strictly true unless T — oo, we assume here that o’ = 0 and 5 = 5, which is consistent with ensemble-
averaging.

The time-averaged Navier-Stokes equations are obtained by averaging equation (1). The result in-
volves averages such as pt;u; and phu;, which can be split into averages of mean and fluctuation quanti-
ties, e.g.,

Py = (P + p) (Ui + u) (T + uf)

= P UU; + pugu; + Uip'uj + Ujp'ui + pulu] 6)

For incompressible flows, where p' = 0, the last three terms in the above equation are absent. From
this it is apparent that the compressible averaged equations will contain many more terms than the incom-
pressible averaged equations. For this reason, an alternative form of averaging for velocity and energy
variables has been developed, which leads to a form of the compressible averaged equations that is almost
identical to the incompressible form. This is called mass-averaging (or Favre-averaging) in which the mean
and fluctuating velocities and enthalpies are defined as follows:

i = p&/p, h=ph/p -
ul = u;— 1, K =h—h
It is important to note that averages of fluctuating quantities are no longer zero, but finite, i.e.,
w =—pu/p, W' =—pH/p @®)
but that mass-weighted averages of u” and h” are zero, i.e.,
Wl =rrDu=0, P =GrDh =0 ©)

By introducing mean and fluctuating quantities into equation (1) and averaging, we obtain the mass-
averaged form of the compressible Navier-Stokes equations. These equations are written below. For sim-
plicity, the bar and tilde notations have been omitted from averaged variables.

pe+ (puy); =0
(pu) + (pusu; + 0y5) ;=0 1=1,2,3 (10
(pE): + (pBu; + ujoi; + ¢;);=0
oy=oy +oh, g =g +qf



where o,‘f , 5, etc., are defined as

Reynolds stress tensor: = puuj = (P + p)ufu
2

Molecular stress tensor: a,-‘f = pbiy — puss + g — TOure)
Reynolds heat-flux vector: g = ph"ul = (5+pHh"] (11)
Molecular heat-flux vector:  gM = —t-p

7 Pr
Total energy: E =e+ k+ ugui/2
Turbulent kinetic energy: k = pulul/2p

In equation (11) it is assumed that 4 is independent of time in the averages leading to ¢, and qJ

The goal of turbulence modeling is to relate the Reynolds stresses and heat fluxes to known mean-
flow quantities such as velocity and temperature. This can be done in various ways which lead to different
types of turbulence models. If the Reynolds stresses and heat fluxes are related algebraically to the mean-
flow variables, the corresponding models are called algebraic stress models. The most important and
simplest subclass of these models are eddy viscosity models which relate Reynolds stresses to strain rates
(or velocity derivatives) in a manner identical with molecular stresses. Eddy viscosity models will be the
primary focus of this paper.

The simplest eddy viscosity models are the zero-equation models in which the eddy viscosity is mod-
eled algebraically in terms of flow geometry and mean flow variables. More complicated turbulence mod-
els have been developed in which the Reynolds stresses are defined by field equations.These equations
are derived by manipulating the Navier-Stokes equations for mean and fluctuating quantities (ref. 1). The
resulting equation for the Reynolds stress tensor is given below

Reynolds stress equation:  (0j,); + (0j,u; + gay) ; = p( Pir — €t)

Production tensor: PP = —(Ofuk; + Oftiz)

Dissipation tensor: PEik = —(of; ujj+ 87_ . (12)
Reynolds flux tensor: qikj = (puTuul + ofuf + oful)

Fluctuating stress: o,-’; = 6ip — pwu;; + ujg — gb‘,-,-uk,k)

In these equations the fluctuating stress tensor, o, is interpreted to include both mean and fluctuating
quantities. The dissipation tensor, pe,;, contains both mean and fluctuating pressures and velocities and
in this sense is a more general or extended definition than the conventional ones, which contain only
fluctuating velocities. The production tensor is given directly in terms of the Reynolds stresses and mean
velocity components, and thus requires no modeling. However, the dissipation and Reynolds flux tensors
involve unknown averages and must be modeled.



A simplified form of the Reynolds stress equation is obtained by taking its trace and is called the
turbulent kinetic energy equation, or TKE equation. This equation is written below

TKE equation:  (pk); + (pku; + q¢;) ; = p(P —€)

Production: pP = —G,Tju,- J

Dissipation: pe = —okul; (13)
] — . —

TKE flux: Qij = Epuﬁuﬁu;? + o ul

The TKE equation forms the basis of several classes of turbulence models, including the one- and
two-equation models, and the algebraic stress models. In these models, the (square of the) velocity scale
of turbulence is given by the TKE and a length scale of turbulence is given either algebraically or in terms
of a field variable governed by an equation similar to the TKE equation.

EDDY VISCOSITY MODELS

Eddy viscosity models are the simplest turbulence models in the sense that they model turbulent
stresses and fluxes by analogy to molecular stresses and fluxes. This approach is generally referred to as
the Boussinesq approximation. The models may be expressed in terms of an eddy viscosity function, ur,
and a turbulent Prandtl number, Prr, as follows:

—_ 2 2
og; = puluj = 3 ijpk — pr(ui; + uj; — '3“5ijuk,k) (14)
G = ph"u;’ - _PTT hJ' ) Prp = ———NT

where s is the turbulent conductivity. With these models, the whole problem of modeling is reduced to
defining the eddy viscosity and turbulent Prandtl number. The turbulent Prandtl number is usually assumed
to be a constant of the order of unity, but it may vary between classes of problems. (It is normally set equal
to 0.9 for boundary-layer problems.) The eddy viscosity function may be expressed in terms of length and
velocity scale functions, [ and ¢, as follows:

pr = plg (15)

The way [ and ¢ are determined defines the type of eddy viscosity model to be used. If [ and ¢ are
determined algebraically from mean flow data, the models are referred to as zero-equation models. If [ is
determined algebraically, but ¢ is determined from a field equation such as the TKE equation, i.e., equation
(13), the model is referred to as a one-equation model. If both [ and ¢ are determined from field equations,
the resulting model is called a two-equation model. For this report we will discuss zero- and two-equation
models.



Eddy viscosity models were developed originally for incompressible flows and only later were ex-
tended to compressible flows. Aside from the use of mass-averaging instead of time-averaging, there is
very little difference in form between the two types of models. This is because in the initial investigations,
which were restricted to attached transonic and moderately supersonic flows, it was found that the incom-
pressible forms were quite satisfactory. As we shall see, the extensions to higher-speed flows in some
simple cases are satisfactory, but other more complex cases require specific corrections for compressibility
effects.

Zero-Equation Models

Zero-equation models are the simplest of eddy viscosity models in the sense that they do not make use
of additional field equations. In this section we will discuss two widely used models that are representative
of most other zero-equation models and that will be discussed in the results section. Unless otherwise
stated, it is assumed that these models are applied at solid walls using no-slip boundary conditions

Cebeci-Smith Model. - The model described here is a simplified version of the model described in
reference 2. It is a two-layer model that uses Prandtl’s mixing length model (ref. 3) for the inner layer and
Clauser’s model (ref. 4) for the outer layer. The model is expressed as follows:

pr = min yrr, pro)
prr = pl*s, pro =0.0168p8u./I
1=04yd, d=1-—ezp(—y*/A*") ' (16)

Ur = VTw/pun y+ = u'ry/Vw
$
5,.*=f0(1—u/u,)dy, I=1+55(y/6)

the strain-rate parameter, s, is usually taken to be the shearing strain , |u, + v,|, for two-dimensional
problems. The operation of taking the minimum in equation (16) is interpreted to mean using the inner
eddy viscosity, pry, until it first becomes larger than the outer eddy viscosity, uro, beyond which point
the outer formula is used exclusively. Parameter I is Klebanoff’s intermittency factor, u., is the friction
velocity, 7,,, is the wall shear, v, = p,,/ o, and the subscript w indicates wall values. The nondimensional
parameter A*, from van Driest (ref. 5) generally depends on the streamwise pressure gradient and surface
blowing and roughness characteristics (ref. 2). For boundary layers with smooth solid walls and zero or
small pressure gradients, A* is a constant, i.e.,

A" =26

A more complicated and general version of this model including transition modeling terms is given
in reference 2.

Baldwin-Lomax Model. — The Baldwin-Lomax (B-L) turbulence model (ref. 6) is similar to the
Cebeci-Smith (C-S) model, but it incorporates features that make it more advantageous for complex



two- and three-dimensional flows. It is similar to the (C-S) model in that it uses nearly the same inner
model, but it differs with respect to the outer model. This model can be expressed as follows:

pr = man( prr, o)
prr = Plzs ) S = JWwiWwi
410 = 0.027 pYmaz Mt Frnaz, 0.25Uh/ Fnaz) /1 (17)
F=ysd, up=|tlmez — |Tlmin, 8 = Ymaz/0.3

where yn,q. is the outermost value of y in the boundary layer where F has a local maximum, F,,.,. In these
formulas [ is the Prandtl mixing length given by equation (16), d is the Van Driest damping factor, and I
is the intermittency factor of equation (16) in which § is replaced by ypm,./0.3 as indicated.

It should be noted that with the B-L model, in contrast with the C-S model, the strain-rate function,
s, is defined as the magnitude of the vorticity vector and not the shearing strain. This makes the model
directly applicable to three-dimensional problems where an invariant shearing strain is not well defined.

A basic advantage of this model over the C-S model is a result of how the outer model is defined.
Referring to equation (16) we see that the C-S model requires both the displacement thickness, 67, and the
boundary-layer thickness, 8, which is used in the intermittency function. Both of these thickness parameters
frequently are not well defined and are difficult to compute, especially for separated flows. The advantage
of the B-L model is that it uses a length scale, y,.., Which is well defined and easily computed for a wide
class of flows. This does not necessarily mean that the B-L model is superior to the C-S model on a physical
basis, but it does mean that it is more convenient on a numerical basis.

From a physical standpoint, it has been found that the C-S and B-L models give similar predictions
of both attached and separated boundary-layer flows for low to moderate supersonic flows. Predictions
of attached flows are usually in good agreement with experiments, but predictions of separated flows are
frequently deficient. At hypersonic speeds, the models also tend to give similar predictions, although there
is some evidence that the B-L model may be more sensitive to Mach number than the C-S model is.

The procedure of applying no-slip boundary conditions is frequently referred to as the integration-to-
the-wall procedure. To be applicable, the numerical mesh spacing normal to the wall must be chosen such
that the value of y* at the first point off the wall is of the order of unity, placing it well within the viscous
sublayer.

For some numerical algorithms, such as explicit methods, the procedure of integrating to the wall
has detrimental effects on numerical stability because of the fine mesh spacing required. In this case an
alternate approach called the law-of-the-wall procedure, or wall-function method, is used. In this approach
a slip-type boundary condition, based on the logarithmic velocity law of turbulent boundary layers, is used.
This law can be written (for incompressible flow) as

Uy
= 2L InEy*
finy

k=04, E=9.128 (18)



To apply this method, within the context of time-marching Navier-Stokes solvers, the above formula
for velocity is solved (by a Newton-Raphson procedure) for the friction velocity, u,, using for 4 and y their
values at the first point off the wall. The values of v,, and p,, are obtained by extrapolating the temperature
to the wall. Once u, is determined, the wall shear stress, 7,,, is obtained, which is then used directly in the
boundary condition for wall velocity. More complicated formulas have been developed for compressible
flows and flows involving wall heat transfer.”

Two-Equation Models

Zero-equation models are well adapted to simple attached flows where a single well defined shear
layer is easily identified. There are many complex flows where this is not the case, however, and use
of zero-equation models becomes difficult or unwieldy. Examples of such flows include separated flows
behind bluff bodies and multiple intersecting shear layers. In these cases it is difficult to define appropriate
velocity and length scales because several such scales are usually present in the flow. For this reason, more
advanced models have been developed in which the velocity and length scales are determined from field
equations. These are the two-equation eddy viscosity models.

The prototype field equation for the two-equation models is the turbulent kinetic energy equation,
equation (13). In order to use this equation, averages or correlations in the dissipation and TKE flux terms
must be modeled in terms of known or mean-flow quantities. It is beyond the scope of this paper to explain
in detail how these terms are modeled. Instead, we will simply discuss the results of the modeling.

There are essentially two terms in the TKE equation that must be modeled. These are the TKE flux,
gxi» and the dissipation, €. For the TKE flux, a gradient-diffusion approximation is used, i.e.,

0= —(u+ £= )k (19)
where Pr; is a modeling constant (Prandtl number) of the order of unity.

The absolute dissipation rate, ¢, is obtained from a separate field equation similar to the TKE equation
given below. The velocity and length scales, and the eddy viscosity, are expressed in terms of £ and € as
follows

ur = Cufpal = Cufpkjw = C,fpk* /e (20)
g=vVk, l=q/w, w=¢/k

where f is a damping function analogous to the van Driest damper, equation (16), C, is a modeling con-
stant, and w is the specific dissipation rate. With these approximations, the TKE equation can be written

(pk): + (pkuj + gx;),; = p(P —€) 21)
2
pP = —olui; = prS — 3PkD (22)
S = (ui; + uj)ui; — ?ui,k y D= ug



In these equations, P is the turbulent production that is reexpressed in terms of the eddy viscosity and the
strain invariants S and D. For incompressible flows the dilatation, D = u, is zero, but for compressible
flows this term is nonzero and can be an important modeling term in some cases.

The term on the right-hand side of equation (21) is a turbulence source function that may be expressed
in terms of a nondimensional source function, hy, using equations (20) and (22), i.e.,

p(P —€) = hypwk (23)
S 2D
he=Cuf g =351

Equation (21) is the prototype field equation for all two-equation models. With general two-equation
models, the variables k and ¢ (or w) of equation (20) are expressed in terms of two auxiliary variables,
s1, and sz, each of which is governed by field equations similar to equation (21). This general form of a
two-equation model can be written as follows:

k= k(sl,82), 6=€(31,32)

(psde + (psiuj+ i), = hipws;  §=1,2

S 2D
hi = Cay (pr;; - 5(—5) —Cq 24)
L
g = -(M + P_:,) Sij

In these equations there is no summation on the index i.

The eddy viscosity damping function, f, is usually expressed in terms of a turbulence Reynolds num-
ber, Rr, which in turn is written in terms of k and € (or w). Typical expressions for f and Ry are

f=1-eap(—aRr), Ry=~2E 25)

pw

where « is a constant.

For fully developed turbulent flows, the turbulent Reynolds number becomes very large and the damp-
ing function approaches unity. On the other hand, at low Reynolds numbers (e.g., in laminar regions or the
viscous sublayer) f goes to zero. In general, the variables C;; and C;; of equation (24) are also functions
of the turbulence Reynolds number, analogous to equation (25), although in some cases they may involve
additional terms. The Prandtl numbers Py, Pr; are usually taken to be constant. At large values of the
turbulence Reynolds number the variables C;; and C;; generally approach constant values along with the
damper f.



1. kK — ¢ Model

One of the most widely used two-equation models is the k¥ — ¢ model originated by Launder and
Spalding (ref. 8). In this model s; = k and s, = €. The high Reynolds number form of the constants C;;
and C;2, as well as the other constants in equation (24), are given by

Ci=009, Cu=Cp=f=Pr=1
Cun=145, Cp =192, Pry=13 (26)

These constants have been obtained by comparing solutions of the governing equations with experi-
mental results. For example, the constants C;; and C;, come directly from the TKE equation. The constant
C2, is determined from experiments on the decay of isotropic turbulence in which case all production and
diffusion terms are absent from the equations, and an exact solution is easily obtained. The other constants
are determined by obtaining approximate solutions for the wall region of equilibrium boundary layers,
where P = ¢, and the logarithmic law, equation (18), is applicable, and by numerically optimizing free
shear flow solutions.

The high Reynolds number form of the k& — € model described above is applicable to fully developed
turbulent flows and does not apply to the viscous sublayer. For such applications, the molecular viscosity
is much smaller than the turbulent viscosity and usually is neglected in the diffusion fluxes. In these cases,
however, special slip-type boundary conditions based on equation (18) must be applied to the velocity and
turbulence variables because the first numerical grid point must be taken well outside the viscous sublayer

*(in the fully turbulent region) and no-slip conditions are inappropriate. This approach has been followed by

Launder and Spalding (ref. 8) and others. The generalization to compressible flow is described by Viegas,
Rubesin and Horstman (ref. 7). Although this approach is convenient for many problems it is not easily
adapted to low Reynolds number flows where transition phenomena are important. In these cases, a more
general low Reynolds number form of the model must be used in which Cj;, C),, etc., depend on Rp.
Several such models have been developed, including those by Jones and Launder (ref. 9), Chien (ref. 10),
and Wilcox and Rubesin (ref. 11). Because the formulas defining these models are relatively complicated,
we will not give them here. Instead, we will describe an alternative low Reynolds number, two-equation
model that is given below.

2a. ¢ — w Model a

The ¢ — w model was developed to overcome numerical stability problems encountered with several
low Reynolds number, two-equation models (refs. 9, 10, and 11). A discussion of these problems, and the
development of the ¢ — w model, is given in references 12, 13, and 14. For this model, the variables s;
and s; of equation (24) are taken as

si=g=Vk, si=w=¢/k 27)

The parameters and constants in the equations are given by the following relations:
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C,=009 , f=1—exp(-002qgy/v) , Pri=Pr;=2

2
Cu=Cn=05 , Cu=005+05f , Cn=0833 , Cn=% (28)

S D
ha = Cn (pr—z —Cn E) —Cn

Numerical boundary conditions to be applied with this model at solid walls are given by
u=9v=¢g=uw =0.

2b. g — w Model b: Compressibility correction

The previous model was tested on an oblique shock-wave boundary-layer interaction flow for a sep-
arated case, but it failed to predict any separation (ref. 15). In reference 15, a correction to the model
was introduced that led to substantially improved predictions. This modification was based on the work
of Morel and Monsour (ref. 16) who observed that in a uniaxial compression, the standard £ — € model
predicts that the turbulence length scale should increase, which runs counter to the physical expectation
that it should decrease. Arguing that the product of the density and the turbulent length scale should remain
constant in a uniaxial compression, they derived a correction to the source term of the € equation. Trans-
lated to the w equation, this modification results in a new value of the constant multiplying the dilatation
term, i.e.,

Cun=24 (29)

In reference 17, Vandromme proposed a compressibility modification with some similarities to the
modification described here. His modification was based on earlier work by Rubesin and included density
gradient terms as well as dilatation terms. Results using this model will be reported in the section on
compressible shear layers.

2¢. ¢ — w Model c: Heat transfer correction

The previously described correction for compressibility improves the predictions of pressure distri-
bution and separation, but the surface heat transfer remains relatively unaffected and too high in the region
of reattachment. To remedy this difficulty, a modification or constraint on the turbulent length scale was
imposed, following the work of Monsour reported in Kline, Cantwell, and Lilley (ref. 18). In this correc-
tion, an upper bound is placed on the length scale appearing in the eddy viscosity such that it can never be
greater than a constant times the Prandtl length scale in the wall region. The result is

£=min(2.4y, q/w) (30
This correction generally does not change the predictions of the turbulence model exept near a reat-
tachment point, and, to a lesser extent, near a separation point. This occurs because in equilibrium or

attached flows, the turbulent length scale q/w is approximately equal to 2.4y in the wall region. This
model will be referred to as the ¢ — w model c.

11



RESULTS

The status of modeling for high-speed flows will now be described by comparing predictions with the
results of experiments. Experimentation plays an important role in the development of turbulence models
by providing data on the flow physics required to substantiate modeling assumptions and in verifying the
performance of models in testing. Wherever possible, experimental data from low- and high-speed flows
will be contrasted to illustrate similarities and differences. Emphasis will be on attached flows, shock-wave
boundary-layer interaction flows, and shear layers. References 19, 20, and 21 cite data that have been used
to evaluate turbulence models for aerodynamic flow predictions.

Attached Boundary-Layer Flows

Modeling for hypersonic attached flows is more mature than for the other flows we consider. Eddy
viscosity models perform reasonably well, as our examples will show. This fact may not be surprising
because the modeling has been founded on a rather substantial experimental data base used together with
knowledge regarding the behavior of incompressible flows.

Figure 1 shows a composite sketch of a turbulent boundary layer constructed from a substantial incom-
pressible data base. Velocity profile data can be collapsed onto a single curve using the friction velocity,
ur, as a scaling parameter. Regions of the viscous sublayer, the logarithmic region, and the outer layer are
depicted. The viscous sublayer is the region where molecular viscosity is important. It consists of a lami-
nar sublayer region and a buffer region that blends with the logarithmic turbulent region. The logarithmic
region is characteristic of all turbulent boundary layers and can be expressed as a function of the Reynolds
number based on the friction velocity, or y*. The outer region, which actually begins quite close to the
wall (y/6 between 0.1 and 0.2), is characterized by a wake-like region whose shape and thickness depend
on the pressure gradient imposed by the outer inviscid flow field and the Reynolds number.

At the high speeds associated with supersonic and hypersonic Mach numbers, similar experimental
observations have been made. In these cases, however, it is necessary to introduce a compressiblity trans-
formation (ref. 22) to adjust the profiles appropriately. Figure 2 shows the transformed velocity profiles
taken in a very high Mach number helium wind tunnel. It should be noted that at very high Mach numbers,
the pressure gradient must balance turbulent normal stresses arising form the normal momentum balance.
Also, the sublayer becomes thicker as the Mach number increases.

Representing turbulent velocity profiles using log-law variables enabled integration of the mean mo-
mentum equation to determine such quantities as skin friction and heat transfer. But, with the advent of
finite difference methods for solving the boundary-layer equations, the development of mixing length and
eddy viscosity models was facilitated when it was experimentally observed that the shear stress distribution
across a boundary layer changed little because of compressibility. Figure 3, taken from Sandborn (ref. 23),
shows compressible data up to Mach 7, compared with similar data representative of incompressible flows.
Earlier, Maise and McDonald (ref. 24), using a similar approach with adiabatic wall temperature data,
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showed that the mixing length and eddy viscosity, scaled by the boundary-layer thickness and the incom-
pressible displacement thickness, respectively, were essentially independent of compressibility effects up
to a Mach number of 5. See figures 4a and 4b.

The effects of compressibility and wall temperature on skin friction are shown in figures Sa and 5b.
The solid line is the van Driest correlation based on the Karman-Schoener incompressible friction law and
represents the available skin friction data to within 10% for the adiabatic wall data and to within 20% for
the data with heat transfer. See Hopkins and Inouye (ref. 25). Computations using the boundary-layer
equations are compared with the data in the figure. Aside from showing that eddy viscosity models predict
the correct influence of compressibility on skin friction (fig. 5a), several other conclusions can be reached.
The choice of mass-averaging or time-averaging has no significant effect on the predicted results. The zero-
equation C-S model reproduces the van Driest result somewhat more accurately than do the other models;
thus this model would have to be the choice for prediction, considering its simplicities. The effects of heat
transfer are illustrated in figure 5b where a two-equation model prediction is compared with the van Driest
correlation for M=5. The result, which is typical of most eddy viscosity predictions, deviates from the van
Driest variation as total temperature ratio decreases and points to a caution regarding accurate prediction
of cool-wall heat transfer trends, although the data are considerably scattered in these cases.

Shang (ref. 26) extended computations using the C-S model to higher Mach numbers. He incorporated
the normal momentum equation to account for nonzero normal pressure gradients and, more importantly,
accounted for triple correlations involving density fluctuations usually omitted at lower Mach numbers.
Results are shown in figures 6 and 7. Data and computations from two models, one with density fluctuation
terms and one without density fluctuation terms, are compared. The inclusion of these terms affects the
heat-transfer predictions somewhat more than the skin friction, but either approach produces reasonably
accurate results, considering the uncertainties in the data.

It is interesting to note that at lower Reynolds numbers the data tend to be underpredicted, particularly
the heat transfer. Such results are common because boundary layer transition influences the region encom-
passed by the low Reynolds number. These influences also tend to affect data correlation and may explain
why there is more scatter in the cold-wall data around the van Driest predictions at higher Mach numbers
where transition lengths are substantial. Figure 7, from Shang (ref. 26), shows skin-friction measurements
for low and high Reynolds numbers compared with computations obtained with and without accounting
for density fluctuation effects. At high Reynolds numbers, where the turbulent flow is fully developed,
the computations compare reasonably well with the data, although it is difficult to conclude whether it is
necessary to include the density fluctuation effects because of the data scatter. At low Reynolds numbers,
the data are scattered for all Mach numbers, but this is especially pronounced at the highest Mach num-
bers, probably because of transition effects. The computations show poorest agreement at the high Mach
numbers, so a cautionary note is made for this regime.

The effects of low Reynolds numbers can be accounted for at low Mach numbers approximately by
modifying either the maximum mixing length or the outer eddy viscosity used in the model formulations.
(See McDonald, ref. 27). Bushnell (refs. 28, 29, and 30) investigated the low Reynolds number problem
for high Mach numbers and provided a data analysis which indicated that such low-speed, low Reynolds
number corrections could still be applied at high Mach numbers. However, it was necessary to define a
different Reynolds number. He recommended §*, the Reynolds number based on the friction velocity, wall
density, and boundary-layer thickness. Figure 8, taken from reference 30, shows the domain of importance
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for including low Reynolds number effects. For values of §* below 3000, the effects become more impor-
_tant and, in particular, below 400, they are significant. Lines of constant Mach number indicate that low
Reynolds number effects can become substantial at high Mach numbers even though the length Reynolds
number is large.

Modeling for adverse pressure gradient flows at hypersonic Mach numbers is less well advanced
because the data base is limited. Figure 9 presents a list of experiments and pertinent test variables. It
represents a partial, but representative, list of benchmark flows available for model evaluation. Mach
number is limited to 7 and the wall-to-total-temperature range is mostly adiabatic. For these representative
flows, eddy viscosity models give reasonably accurate results. Typical comparisons between computations
and experiments for the skin friction, taken from reference 19, are shown in figure 10. The C-S model with
the pressure gradient correction (i.e., the p* term) and the higher-order eddy viscosity and Reynolds stress
models all adequately predict the influence of pressure gradient over a wide range of Reynolds numbers.

Shock-Wave Boundary-Layer Interaction Flows

In this section we discuss several examples of shock-wave boundary-layer interaction flows, some
of which are separated. Figure 11, taken from reference 21, summarizes the status of experiments and
computation for a variety of compressible flows. We will discuss a limited number of these flows consisting
of both supersonic and hypersonic cases.

Figure 12 illustrates the experimental geometry of two hypersonic flows to be discussed. The first is
a Mach 7 flow about an ogive-cylinder geometry. Two subcases of this flow will be considered: the first is
the flow over the clean body from the nose rearward, and the second consists of the shock-wave boundary-
layer interaction on the cylinder produced by a 15° ring-shock generator. Figure 13 shows comparisons
of predictions and measurements of surface properties for the clean-body case (ref. 15). Three predictions
are shown, one corresponding to laminar flow and the other two corresponding to turbulent flow obtained
using the C-S and ¢ — w, a models. Transition was enforced in the modeling at a location about 10 cm
from the nose. It is apparent that both turbulence models accurately predict surface pressure, skin friction,
and heat transfer (Stanton number) distributions.

Results of predictions and measurements of the shock-wave boundary-layer interaction flow on the
cylinder are shown in figure 14. In this case, measurements of surface-pressure, skin-friction, and heat-
transfer are compared with predictions made with the C-S, B-L, and the three versions of the ¢ — w model.
It is apparent from these results that both the zero-equation models and the unmodified ¢ — w, a models
strongly overpredict the peak pressure in the interaction (fig. 14a). This basically is the result of the
inability of the three models to adequately predict the extent of separation, which is indicated by the plateau
in the measured pressure distribution ahead of the interaction. Substantial improvement was obtained
with the ¢ — w model b, which incorporated the compressibility correction. Results obtained with the
g — w, ¢ model, which incorporated the modification for heat transfer, were similar to those for model b.

Skin-friction and heat-transfer distributions for this case are shown in figures 14b and 14c. It is ap-
parent from these results that although the two zero-equation models give reasonable predictions of peak
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heating and skin-friction, their predictions in the region of separation are less accurate. Predictions made
with the unmodified ¢ — w, a model indicate no separation at all and, as a result, grossly overpredict both
peak heating and skin-friction. The computation made with the ¢ — w, b model shows an improvement in
skin-friction prediction, but still strongly overpredicts peak heating. Finally, the prediction made with the
q — w, ¢ model produced results that were in reasonably good agreement with the measurements.

Computed and measured pressure contours of the flow are shown in figures 15 and 16. Figure 15
shows measured pressure contours compared with contours obtained with the ¢ — w, ¢ model. It is appar-
ent that the overall features of the flow are well predicted by the model. Figure 16 compares predictions
obtained with the ¢ — w, ¢ and the B-L models. This result illustrates that the differences in model predic-
tions of surface characteristics are accurately reflected in predictions of flow-field variables as well.

Calculations and measurements of the 7 .5° shock generator case are also discussed in reference 15.
In this case the flow is attached and the predictions of the two zero-equation models and the ¢ — w, ¢ model
give similar results that are in good agreement with the experiment.

The second flow is a compression corner flow, also illustrated in figure 12. Results of measurements
and computation are shown in figures 17 and 18, corresponding to attached and separated cases, respec-
tively (ref. 15). Calculations of surface pressure and heat transfer for the attached flow case (fig. 17), made
with the C-S, B-L, and ¢ — w, ¢ models, indicate reasonably good agreement between computation and ex-
perimentation. In the separated case (fig. 18) the predictions are also in reasonable agreement, although
the pressure plateau and extent of separation predicted by the ¢ — w model is better than that predicted
by the B-L model. In the reattachment zone, both models underpredict overshoots in measured pressure
and heat-transfer distributions. In this case, computations with the C-S model were unreliable because of
difficulties in computing boundary-layer and displacement thickness distributions, and are therefore not
shown.

It should be noted that the modifications made to the ¢ — w model were general in the sense that no
arbitrary constants were introduced and then adjusted to improve predictions. Furthermore, the modifica-
tions introduced did not interfere with or change predictions of simple attached flows (e.g., the clean-body
flow). This is the type of modification one seeks when improving turbulence models for complex flows.

The final shock-wave boundary-layer interaction to be discussed is a Mach-3 compression corner flow
illustrated in figure 19. Calculations of this flow with a corner angle of 20 ° are compared with results of the
experiment in figure 20, and are discussed in greater detail in reference 7. The turbulence model used in this
case was the Jones-Launder k—e model. Two wall treatments were investigated, namely, the integration-to-
the-wall and wall-function procedures. In this (20 °) case, the flow was mildly separated. When predictions
and measurements are compared, it is clear that noticeable differences in predictions result from different
wall treatments using the same model. From both skin-friction and pressure distributions it is clear that the
wall function treatment gives better predictions of separation and surface pressure. In addition, it also gives
much better agreement with downstream skin-friction distributions than does the integration-to-the-wall
procedure. Results similar to these were also observed in the 16° and 24° cases (ref. 7).

The primary reason for the differences between model predictions in this case lies in the low Reynolds

number (damping) terms of the Jones-Launder model that strongly influence results when the integration-
to-the-wall procedure is used, but that are inactive when the wall function procedure is used. Although the
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low Reynolds number terms can produce accurate results for zero pressure gradient attached flows, it is
apparent that unless they are chosen carefully they can lead to unreliable predictions of complex flows.

Compressible Shear Layers

Knowledge of the physics of high-speed shear layers is limited at present. Experiments have shown
that the far-field spreading angle, a measure of mixing, is reduced considerably, compared to that for
incompressible flows. Figure 21 illustrates the status. The inverse of the spreading angles obtained from
various experiments on single-stream mixing layers are shown as a function of Mach number. Reduction
in spreading angle by a factor of 3 occurs at Mach 5. Various postulates to explain this reduced mixing
have been proposed, but experimental evidence to substantiate them is lacking.

Application of incompressible turbulence models, extended to account for compressibility as de-
scribed in previous sections, fails to produce accurate predictions of the spreading rate. The line labeled
k — e represents such a prediction. In reference 31, Dash et al. proposed a new model to account for
compressibility in free shear layers and predicted the spreading angle as shown by the symbols labeled
k — €, cc. The compressibility correction (cc) involved the empirical function K( M,), shown in figure 22,
where M, is the ratio of the square root of the turbulent kinetic energy to the speed of sound, k!/2 /a, at
the point of maximum k in the layer. *

It is noteworthy that the modification also gives reasonable predictions for two-stream supersonic
mixing. Figure 23 shows a comparison of & — ¢ model predictions compared with the measurements of
Chinzie (ref. 32). The inverse of the two-stream spreading rate, scaled by the spreading rate o for which
one stream is stationary, compares reasonably well with the k — ¢, cc model prediction. Deviation of the
data from the modified model prediction for the higher second-stream Mach numbers may be a result of
free-stream turbulence present in the experiment.

Vandromme (ref. 17) also reported successful predictions of the single-stream spreading rate. As
mentioned in the section on modeling, he used the ideas of Rubesin to make compressibility corrections
to the turbulent kinetic energy and dissipation equations of the £ — e model. The results of his predictions
are shown compared with results of experiments in figure 24. Substantial agreement was achieved.

More work will be necessary before the compressible mixing layer problem can be considered solved.
Current modeling modifications are, to a considerable extent, ad hoc and have not been verified for a wide
range of cases. Futhermore, they are not based on an understanding of the physical mechanisms involved.
To understand these mechanisms, more experimentation is needed. It should also be noted that research
is underway at Ames Research Center to use full simulations of compressible shear layers using the time-
dependent Navier-Stokes equations to provide more complete information on mixing phenomena. It is
hoped that this research will lead to improved modeling of compressible shear flows. ’
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CONCLUDING REMARKS

In the preceding paragraphs we have described the development and status of turbulence models used
in the numerical simulation of complex hypersonic flows. In our discussion we emphasized eddy viscosity
models which constitute the simplest but most widely used class of turbulence models. Two subgroups
of models were discussed— zero-equation and two-equation models. Each of these models has theoretical
advantages over the other. For example, two-equation models provide a more general specification of
turbulent length and velocity scales than zero-equation models, but they often display numerical stability
problems which are not common to zero-equation models.

The basic models discussed are similar to those developed originally for incompressible flow. This
is because in many applications, especially to simple attached boundary-layer flows at low to moderate
supersonic speeds, the incompressible forms give satisfactory results. As discussed in the text, however,
there is evidence that these incompressible forms become unsatisfactory as the flow complexity and/or the
Mach number increase. With respect to flow complexity, it was shown that compressibility corrections
were necessary to give satisfactory predictions of several hypersonic shock-wave boundary-layer interac-
tion flows. With respect to Mach number, it was shown that incompressible model forms are unsatisfactory
for compressible free-shear flows. In this case, too, compressibility corrections could be found which lead
to satisfactory predictions.

The status of turbulence modeling for hypersonic flows is still far from complete, however. More
experimental data and computational comparisons will be necessary to verify and establish the compress-
ibility corrections made to date. In addition, more experimental and computational work will be needed,
especially at low Reynolds numbers, because this flow regime is more prevalent at hypersonic speeds, and
because the available data base in this case is still quite limited.

17



10.

11.

12.

13.

14.

15.

16.

18

REFERENCES

. Rubesin, M. W.; and Rose, W. C.: The Turbulent Mean Flow, Reynolds-Stress, and Heat-Flux Equa-

tions in Mass-Averaged Dependent Variables, NASA TM X-62248, 1973.

. Cebeci, T. and Smith, A. M. O.: Analysis of Turbulent Boundary Layers. Academic Press, 1974.

. Prandtl, L.: The Mechanics of Viscous Fluids, in Aerodynamic Theory, Vol. III, Durand, W. E. (Ed.),

Springer-Verlag, Pasadena, CA, 1943.

Clauser, F. H.: The Turbulent Boundary Layer. Advances in Applied Mechanics, Vol. IV, Academic
Press, 1956. '

van Driest, E. R.: On Turbulent Flow near a Wall. J. Aeronaut. Sci., vol. 23, 1956, pp. 1007-1011.

Baldwin, B. S.; and Lomax, H.: Thin Layer Approximation and Algebraic Model for Separated Tur-
bulent Flows. AIAA Paper 78-257, Jan. 1978.

Viegas, J. R.; Rubesin, M. W.; and Horstman, C. C.: On the Use of Wall Functions as Boundary
Conditions for Two-Dimensional Separated Compressible Flows. AIAA Paper 85-0180, Jan. 1985.

Launder, B. E.; and Spalding, D. B.: Mathematical Models of Turbulence. Academic Press, 1972.

Jones, W. P.; and Launder, B. E.: The Prediction of Laminarization with a Two-Equation Model of
Turbulence. Intern. J. Heat Mass Transfer, vol. 15, 1972, pp. 301-304.

Chien, K. Y.: Predictions of Channel Boundary-Layer Flows with a Low-Reynolds-Number Turbu-
lence Model. AIAA J., vol. 20, Jan. 1982, pp. 33-38.

Wilcox, D. C.; and Rubesin, M. W.: Progress in Turbulence Modeling for Complex Flow Fields
Including the Effects of Compressibility. NASA TP-1517, 1980.

Coakley, T. J.: Turbulence Modeling Methods for the Compressible Navier-Stokes Equations. AIAA
Paper 83-1693, July 1983.

Coakley, T. J.: A Compressible Navier-Stokes Code for Turbulent Flow Modeling. NASA TM-85899,
1984.

Coakley, T. J.; and Hsieh, T.: Comparison between Implicit and Hybrid Methods for the Calculation
of Steady and Unsteady Inlet Flows, AIAA Paper 85-1125, July 1985.

Voung, S. T.; and Coakley, T. J.: Modeling of Turbulence for Hypersonic Flows with and without
Separation. AIAA Paper 87-0286, Jan. 1987.

Morel, T.; and Mansour, N. N.: Modeling of Turbulence in Internal Combustion Engines. SAE Tech-
nical Paper Series 820040, Feb. 1982.



17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

Vandromme, D.: Contribution to the Modeling and Prediction of Variable Density Flows. Ph.D. thesis
presented at the University of Science and Technology, Lille, France, 1983.

Kline, S. J.; Cantwell, B. J.; and Lilley, G. M.: Proceeding of the 1980-81 AFOSR-HTTM Stanford
Conference on Complex Turbulent Flow, Stanford University, Stanford, Calif., 1981.

Marvin, J. G.: Turbulence Modeling for Computational Aerodynamics. AIAA J., vol. 21, no. 21,
July 1983, pp. 941-955.

Marvin, J. G.: Modeling of Turbulent Separated Flows for Aerodynamic Applications. Recent Ad-
vances in Aerodynamics, Springer-Verlag, ed. by A. Krothapalli and C. A. Smith, Proceedings of
an International Symposium held at Stanford University, Aug. 22-26, 1983.

Delery, J.; and Marvin, J. G.: Shock-Wave Boundary Layer Interactions. AGARDograph No. 280,
Feb. 1986.

van Driest, E. R.: Problem of Aerodynamic Heating: Aeronaut. Engin. Rev., vol. 15, no. 10, Oct.
1956, pp. 26-41.

Sandborn, V. A.: A Review of Turbulence Measurements in Compressible Flow. NASA TM X-62337,
1974.

Maise, G.; and McDonald, H.: Mixing Length and Kinematic Eddy Viscosity in a Compressible
Boundary Layer. ATAA J,, vol. 6, no. 1, Jan. 1968, pp. 73-79.

Hopkins, E. J.; and Inouye, M.: An Evaluation of Theories for Predicting Turbulent Skin Friction and
Heat Transfer on Flat Plates at Supersonic and Hypersonic Mach Numbers. AIAA J., vol. 9, no. 6,
Jun. 1971, pp. 993-1003.

Shang, J. S.: Computation of Hypersonic Turbulent Boundary Layers with Heat Transfer. AIAA J.,
vol. 12, no. 7, July 1974, pp. 883-884.

McDonald, H.: Mixing Length and Kinematic Eddy Viscosity in Low Reynolds Number Boundary
Layer. Rep. J214453-1, Res. Lab., United Aircraft Corp., Sept. 1970.

Bushnell, D. M.; and Morris, D. J.: Shear-Stress, Eddy- Viscosity, and Mixing-Length Distributions
in Hypersonic Turbulent Boundary Layers. NASA TM X-2310, 1971.

Bushnell, D. M.; Cary, A. M,; Jr. and Holley, B. B.: Mixing Length in Low Reynolds Number
Compressible Turbulent Boundary Layers. AIAA TN, AIAA J,, vol. 13, no. 8, Aug. 1975,
pp. 1119-1121.

Bushnell, D. M,; Cary, A. M., Jr.; and Harris, J. E.: Calculation Methods for Compressible Turbulent
Boundary Layers-1976. NASA SP-422, 1977.

Dash, S.; Weilerstein, G.; and Vaglio-Laurin, R.: Compressibility Effects in Free Turbulent Shear
Flows. AFOSR TR-75-436, Aug. 1975.

19



32. Chinzie, N.; Masuya, G.; Komuro, T.; Murakami, A.; and Kudou, K.: Spreading of Two-Stream

20

Supersonic Mixing Layer. Phys. Fluids, vol. 29, no. 5, May 1986.



40 VTw

u, = —p—ESCALING VELOCITY
LINEAR U,y
SUBLAYER —T" VALUE DEPENDS
Vfe———je————» V
| {BUFFER ON Re 165
_ZONE
VISCOUS 7108
. SUBLAYER -
: B [
5 20 _E_J__= U,y ,"l
| U, v "l
LOG-LAW-»{e«— OUTER —
10 REGION LAYER
y/6=0.1-0.2
LI ]
0.4 n v
1 10 100 1000
Uy )
——, log scale
v
Fig. 1. Composite sketch of a turbulent boundary layer.
20 [' VANDRIEST TRANSFORMATION
16
- 12t
g OOA EXPERIMENT
*, 8 20 <M <47
4
0 1 1 - |
1 10 100 1000
y+ = Yy TW; Pw
Yw

Fig. 2. A log-law representation of hypersonic boundary layer profiles.

21



MAISE & MCDONALD M=5

“BEST ESTIMATE"” OF SUPERSONIC

1.0
SHEAR STRESS DISTRIBUTION, DATA,
25<M,<72
8
6
2 KLEBANOFF,
< INCOMPRESSIBLE
4
ZORIC,
INCOMPRESSIBLE
SIMILARITY
2
L [l
0 2 A 8 1.0

y/6

Fig. 3. A comparison of the best estimate of shear stress data with incompressible
measurements and with Maise and McDonald’s compressible approximation.



.10

.08

=]
o0

MIXING LENGTH, £/6

O KLEBANOFF FLAT
PLATEM ~ 0 Rey = 6900

O BRADSHAW AND FERRIS
MODERATE ADVERSE PRESSURE
GRADIENTM ~ 0 Rey = 3320

' L ' J

4 6 8 1.0
DISTANCE FROM WALL, y/é

(a) Mixing length.

Fig. 4. Mixing length and scaled eddy viscosity from Maise and McDonald.

23



esssse 0

XX R Y ¥

cmeeceeee B

024

020

| oo
1¢™n/> ALISOISIA AQQ3 D

L1VWINI

1.0

DISTANCE FROM WALL, y/é

(b) Scaled eddy viscosity.

Fig. 4. Concluded.

24



FLAT PLATE SKIN FRICTION

—— VAN DRIEST
COMPUTATIONS BY RUBESIN ET AL.
1.0 2. 0-EQN
' J 2-EQN
{ RSE, MASS-AVERAGED
8 O RSE, TIME-AVERAGED
g 6 r
&
S 4t
2t
(a) 1 1 1 | 1 ]
0 1 2 3 4 5 6

2+
VAN DRIEST THEORY
N COMPUTATION, VIEGAS
) 2 EQUATION MODEL
0 (b) 1 1 i i | 1 1 ]
2 3 4 5 6 7 8 9 10

Tw/ T AW

Fig. 5. Ability of turbulence models to predict compressibility effects: (a) adiabatic
wall temperature; (b) Mach 5 and variable wall temperature.

25



26

FLAT PLATE FLOW

1e=-[p W'V + 'UV) DATA M, TT,
—_— Te=- p U'V) o) 10.72 0.194
Pr,=0.9 0 1057  0.201 HouDEN
_ s & o 1053 0.212
8 7Y 10.40 0.163
— A

"u-lo o O e
B '”-'*‘-m 00p0

| | 1 | | l | 1 |

2 4 6 8 10 12 14 16 18
Reg X 1073

Fig. 6. A comparison of experimental skin friction and heat transfer with compu-
tation using a turbulence model with and without corrections for density fluctuations.



DATA
O HOPKINS et al

— 1=-[p <UV'>+<p'U'V' >]

O HOLDEN ———eTg=-p <UV >
20 -
Rey > 104 o o
O Cewwwe===oooooo .
. -HU-&O“-"'“U
; -20 L ] ] o ] ) ]
o
™
(& ]
=
i3
© 4 F ©
3}
= Rey < 104
20+ % o]
oL 0 f ©
- I T T ———— 1 06 (0)
- ----O"‘----_____
1 1 i i 1 j
-20, 2 4 6 8 10 12
Me

Fig; 7. Error in skin friction prediction for two ranges of Reynolds numbers using
a turbulence model with and without correction for density fluctuations.

27



10000 — m=0

" Tw/Tp=1 “FULLY DEVELOPED"

i TURBULENT FLOW
M=3
Ty/Ty =07

070070707070 07070 % %0 0% . 020070 % 6% %0 %0% 0% % 0% 20 0 %0 %0 e %o %0 e e e e Tee”
. 000000000 202002000000 %0 0 0 %0 20 0 %0 00 000 20 20 %0 e te te e te e te 20 et o
OOOOEISISONSISNANASASABENSACOOOOOONNY

INCREASING LOW

REYNOLDS e
NUMBER Tw/Ty=07
LARGE LOW EFFECTS
+ anal
8" 10001~ ppvnoLDS =
NUMBER EFFECTS Tw/T=07

NN\
I

108 107 108
F‘e,x

Fig. 8. Increasing importance of Low Reynolds number effects with Mach number.



2.D ATTACHED — PRESSURE GRADIENT

REFERENCE CoNFIGURATION | M | Reo X107 [ Tw/To | Py,
ZWARTS ’ 4.02 35 1 0.004
PE:,:,(S 'RB:,V?;ST(‘,\? N — 3.93 1.1 1 0.006

SL%T\.%'EQQ‘D _ 354 2.0-2.8 1 3;3?3;2’
kﬁ.ﬁ'ﬁu‘é’é’?’,‘i E@} 3.98 0.5 1 0.011
KHUSSQTYMAA%D # 6.7 0.8 043 | 0.07
"H‘SSSSTYM’Z'}{.D 1 2.3 104-2270 1 0.12

Fig. 9. Benchmark flows with pressure gradient effects.

29



30

O EXPERIMENT, KUSSOY
COMPUTATIONS, HORSTMAN
——— 0-EQN
--------- - 0-EQN WITH p* TERM
—— 2-EQN
—.— RSE, MASS-AVERAGED
———-RSE, TIME-AVERAGED

1.0 | | 1 |

xg = 117 106, p* max = 0.036 0 ©

Re

1.5 Re

xg = 353 108, p* max = 0.027

«_ =105 x 106, p* max = 0.012
1 |

o 1 L i ]

30.
X, cm

(a)

Pw/Pw_
(3]

1.0

251

2.0

15

1.0

x 103

2 1.0

C¢

5=

(b) .5

[T T 1

| o S

=11.7 x 108, p* max = 0.120

Re
Xo

|

[~ Re,

" Re
Xo

Fig. 10. A comparison of computations using various models with experiment.



‘uoneredas Yiim Moy dIewyouag [ aIngrj

"SaAeM YOooys Fudurdwi Y3Im SMO[J dtuosuel], (B)

(1861 1233 INITN) IONIHIINOI QHO4NV LS WLLH/HSO4V HOA d3193379sq
ST3COW NOILVND3I SSIHLS SOTONAIH ANV -OML “3INO “-OH3IZ,

(S)17vm
a3OY3AIAQ/AIAHND

z | os'os (1861) ‘e 38 NOI >
3SH'Z'0 | 6€ 6L (G86L) 1 39 HNIW VH v vi-EL (L86L) 1B NOWIVS | |~ L<W
z'o (WWOD "LAd) NVIW1SHOH
0| 1z19 (L86L) 1838 WIIAWVD | b2 §L-gl ql€861) AH313Q Pz
(‘aow)z | oz 's8 (5861) '1e 38 SYDIIA
z | ovoLt (z861) 1238 WO
4 L LE (z861) ATYNOGOW 1-G'0 S l-€1 (Z86L) ‘112 WO STIVM LHOIVHIS
(aow)z | oz 'se (€861) "Ie 39 SYDIIA
z | ov'os
Z | Ov'8e | (286L) NYWLSHOH ANV SY93IA
Z'L'0 | SE'OY | (6L6L) NVIWLSHOH ANV SVD3IA | 002-0L | §L-€'L ql6£61 ‘9L6L) 'IE 19 YIILVIN
(aow)z | se'oz (€86L) NIS3ENY ANV SYOIIA
ZL0 | GE'OV | (6£61) NVINISHOH GNV SYDIIA 90 gl (0961) NOGQ3s Pz
e 13A0OW o>_mx0 SNOILVLNdWOD g-0L X3y [ “w SLNIWIYIdX3 MO

31



‘panunuo) 11 andig

"$aAem Yoous Jursurdwrt yymm smofj sruosiadng (q)

(1861 “I12 38 INITM) IONIHIINOD AHOINV.LS WLLH/HSO4VY HO4 43103738
S73AOW NOILVYNDI-OML GNV-INO-0H3Zp

N
(‘aow) o | 8¢ ‘ve 'Sy (€861 ) ‘I8 3@ HSOHE 8l € (€86L) "12 18 HSOYA P-€
—_——
z'0 |oz'og'Ly (286L) NVWLSHOH ANV SVY9D3IIA
0 | oz'oc'Ly (0861} 18 3@ AOSSNH 9¢ A/ q(0861) 'I& 38 AOSSNM P-€
(‘aow) z:z:0 L8 L8 {"WWO0J "1Ad) AATHIMVOD
4 0S ‘68 (2861) NVINLSHOH ANV SV9O3IA
zL0 S¥ ‘62 (£L6L) "18 38 A3INVOD
(‘faow) 00 8L '0b {GL6L) '12 39 NINHVIN €l 'L q(G461) I8 313 AOSSN (&.ﬂ)\(’)\(«
z0 S€ ‘oY (6£61) NVWLSHOH ANV SVYD3IIA -—
(‘faow) 0 ze'‘ov {846L) XVINOT ANV NImaivd
(‘faow) 0 ze oy {§£61) 3SOH ANV NImad1va LS € |(€L61) AHdYNW ANV vYAQ3Y
z0 ZE€'Ov | (PL6L) HOVWHOI%BW ANV NiMmave A4 S8 (¢£61) NIQT0H p-<
6 ~> ~x ) oo
e 13A0NW aiygo SNOILVLINdWOI g-0l X8y W SLNIWIYILX3T MOTd

32




‘panunuo) ‘1| aInsig

'$90RJINS UOISSaIduwod Y)im smofj omosiadng (o)

(1861 “12 32 INITN) IONIHIINOD QHOINVLS WLLH/HSOSV HOA 43103138,
$730ON NOILVNDI-OML ANV -INO “0H3IZ,

33

(faow) z | se’ee’v9 (9861) NVIWLSHOH 8L £ (9861) NmOHYSg
(‘aow) z | sc'ee’v9 (5861) NVW.LSHOH 8l € |(S86L) NVINXD01 ONV AOSSNH
(‘aow) z | tz'9z oy (G861) NVINLSHOH
Z | oz'se’oy (¥861) NVWLSHOH
0 oz'se’op | (v86L) NVIALSHOH ONV S31L13S 9 62 (z861) $31113S ANV ON3L
A 56 'S6 (S861) "12 32 NMOYS 81 £ (5861) "12 32 NMOYSE
4 Sp ‘62L (5861) NVIWLSHOH 8L € (S861) 'Ie 33 NVOVYNNQ
(‘aow) o‘o LE ‘€9 (LL61) XOVWHOOI%eN ANV ONNH
(‘gow) 0’0 0t ‘'v9 (SL6L) AIINVH GNV ONVHS oL £ (vL6L) MV
(‘aow) o0 LE ‘€9 (££61) YOVWHODIRIN ANV ONNH 44 L8 (zL61) N3AOH
("aow) o ov'LL (z86L) ONNH —_—
("aow) z SZ ‘08 {5861) "12 33 SVOIIA ——/
4 or ‘09L
4 9t ‘08 (Z861) NVIWLSHOH ANV SV93IA
zL'o Z€'0S (6£6L) NVWLSHOH ANV SVYD3IIA pe
Lo 2e 05 (LL61) "12 33 NVWISHOH 002-€9 4 q{646L '9£61) 1832 $37113S
z2'A’x oo
e13Q0W P SNOILVLNdWOD g-0L X2y W SLN3WIY3AdX3 MO1d




‘pspuouo) [ aIndigy

*SaABM Yooys Furoue(d Yyium smopj owosradng (p)

(1861 “'18 3 INITN) FIONIHIANOD QHOINVLS WLLH/HSO4V HO4 3103735
S73Q0W NOILVNDI-OML ANV "-INO ~0H3Z,

—

(aow) o | zg ‘zg ‘ov (€861) Y11NAHON ANV ONNH 80 ¢ | (z86L) 490NOGD08 ANV DNI110Q P€
(aow)z | vv 'z ‘vo £ (9861) "18 19 AIdVHS
(‘faOW) 0 | 8v'z€‘2€ | (986L) NVWLSHOH ONY LHOINM oL £ (¥861) “12 32 NIMGOOD
(QOW) 0 | €€ €€ L1 (6£61) "I2 38 ONVHS 80 £ (ZL6L) ‘1839 1S3IM
(aow)o | LE'8zZ°Lz (6£6L) DNNH ANV NVWLSHOH g £ (S£61) "2 38 WYISO
((aoW) 0 | ze‘9g 'z | (8£61) ¥OVWHOI%W ANV ONNH > —
(AOW) 0 | LE'8Z'LZ | (286L) NVWLSHOH GNV SYD3IA
(aow)o | Le'sz iz (6£61) ONNH ANV NVW1SHOH oL z ql9£6L) IV3Id P€
s> . oo
¢ 1300W Nn__..._m SNOILVLNJWOD g-0l X 2y W SINIWIHIAX3 MO14

34



M=7.2 % ? N
6 =175°15° —L

I ——
cm
64.4 cm-»l _L 51cm
Xg = 140-165cm ——»| T __L
(a) 2.54 cm
M=92

6 =15°, 30°, 38
<————— x. =56 cm ——>| //I

// £y
N Ll Ll nn 2 2

(b)

Fig. 12. Experimental arrangements for two flows used to assess models with

compressibility corrections.
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Fig. 13. Ogive-cylinder flow without the shock generator ring: (a) surface pressure;
(b) skin friction; (c) surface heat transfer.
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Fig. 14. Ogive-cylinder flow with 15° shock-generator ring: (a) surface pressure;

(b) skin friction; (c) surface heat transfer.
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COMPUTATION q-w MODEL ¢
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(b)

Fig. 15. Ogive-cylinder flow with 15° shock generator ring: (a) computed pressure
contours; (b) experimental pressure contours.
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16. Ogive-cylinder flow with 15° shock generator ring: (a) zero-equation

Baldwin-Lomax model; (b) ¢ — w model ¢

Fig.
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Fig. 17. Compression Corner Flow , 15° corner angle:

surface heat transfer.

(a) surface pressure; (b)
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Fig. 18. Compression Corner Flow , 38° corner angle: (a) surface pressure; (b)
surface heat transfer.



EXPERIMENT: SETTLES et al.
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Fig. 19. Geometry and conditions of a compression corner experiment.
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TURBULENCE MODEL COMPARISON WITH WALL FUNCTIONS
AND WITH INTEGRATION TO WALL
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Fig. 20. Comparison of computations using k¥ — ¢ model with experiment.
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Fig. 21. Spreading rates for compressible 2-D shear layers. Data fits from NASA
SP-321, 1972.
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Fig. 22. Compressibility correction for k — ¢ model proposed by Dash, et. al®!.



FLOW RATE CONTROLLING
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Fig. 23. Spreading rates for a two-stream compressible 2-D shear layer.
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Fig. 24. Spreading rates for compressible 2-D shear layers.
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